Abstract: Quantification of upper extremity movement is a common objective in both research and clinical practice. Currently, methods based on angle-angle diagrams, also called cyclograms, seem to be promising. Nevertheless, compared to the study of lower limbs, the concept of angle-angle diagrams has not been systematically used to study upper limb movements during walking. The paper describes two examples of new methods based on angle-angle diagrams for application in rehabilitation and assistive robotics. The cyclograms represent information about the relationship between the angles and their changes over time. We used cyclograms as patterns for learning artificial neural networks and predicting the movement of upper-limb. Together with artificial intelligence, cyclograms offer wide scope of application in prosthesis control systems. Using bilateral cyclogram, the information about the relationship between the right and left arm joint angles is used to evaluate the symmetry of movements. The method based on the orientation of the bilateral cyclogram can be used as an additional method for determining the symmetry of movements of the upper limbs or exo-prosthesis.
Introduction
Currently, several methods can be used in physiotherapeutic research for identifying upper limb movement disorders during walking. The most widely used technique for studying upper limb movement in clinical practice is phase analysis [1, 2] . For a study of typical (i.e. periodic) movement pattern of upper limb, methods based on the analysis of joint angles using cyclograms (also called angle-angle diagrams or cyclokinograms) can be used, [3, 4] . The first notion of the cyclogram claimed that a cyclic process such as walking is better understood when studied with a cyclic plot [5] . The creation of cyclograms is based on joint angles that are objective and well suited for statistical study of the different aspects of movement [6] [7] [8] . Some authors also described cyclograms based on paths of the segments (e.g. hand's path) developed for application in rehabilitation [4] . The above-mentioned methods are used to assess the movement of one limb.
However, the coordination of the movements of two limbs has also been studied and evaluated [9, 10] .
Symmetry is an important indicator of proper coordination of the two limbs, for example, during walking or running. Symmetry can be affected negatively by various factors. Several methods can be used for identifying asymmetry in walking. At present, algebraic indices represent major class of symmetry quantifiers [11] [12] [13] . Algebraic indices include the asymmetry index [14] , symmetry index [15] , symmetry angle [11] , arm swing asymmetry [13] , etc. Usually, these indexes compare bilateral variables such as maximum joint angles or maximum distances (i.e. amplitudes in meters) [16] . These parameters depend on discrete variables and are unable to reflect the asymmetry as it evolves over a complete gait cycle. In 2003, Goswami introduced a technique based on the geometric properties of symmetric angle-angle diagrams, also called bilateral cyclograms [17] . The technique has its roots in geometry and in accordance with the MoCap system manufacturer recommendation [19, 20] . Each participant was measured two times by 60 seconds, with 2-minute break between each measurement. The first and last 3 gait cycles of each walking trial were excluded from the analysis to avoid acceleration/deceleration phase. The MatLab Simulink (The MathWorks Inc.) software was used to identify the joint angles of the lower limbs [21, 22] , and the kinematics model (in the MatLab Simulink) was used for graphical presentation and further processing in the MatLab software (i.e. creation of 2D diagrams, identification of the forefoot / foot flat-touchdown, etc.). Using this method, we were able to record and study the movement in 3D space, though we primarily studied the movement in a 2D sagittal plane. The MoCap system has been calibrated accurately before the experiments, and the coordinate system was set up so that the first axis is along the track of the treadmill and the other two axes are perpendicular to the track of the treadmill.
The angles, which were measured and calculated, are: elbow angle, shoulder angle, knee angle, hip angle (in all cases, both sides of the body and the sagittal plane). In the case of stereotypic movements of legs, such as walking, the typical (i.e. periodic) movement pattern of healthy upper limb is identified, see Figure 1 . The shoulder angle and the elbow angle in the sagittal plane were chosen, because these joint angles of the upper limb have the largest dimensions (i.e. cover the largest ranges of values) and a tremendously affect inertial forces. The knee angle and hip angle in the sagittal plane are common angles used to study gait [23] . It is not necessary to normalize the data because the standard ranges of angles are the same for the three planes of the body in all adults if the 3DOF orientation tracker placed on the same segment (i.e. anatomical the symmetry measures are intuitively understandable. The cyclograms are closed trajectories generated by simultaneously plotting two joint variables [5, 6, 18] . In order to quantify the symmetry during walking, a synchronized bilateral cyclogram was used in the study, representing the same joint and two sides of the body, i.e. the approach was based on the symmetry of joint angle evolutions. The parameters used to evaluate the symmetry are the area within the synchronized bilateral cyclogram, and its orientation [17] . For absolutely symmetrical gait, the area within the curve equals zero and the orientation of the curve is forty five degrees [18] .
In this paper, we will present two applications of method based on shapes of the bilateral cyclograms to study upper limbs movements during walking to be applied in rehabilitation and assistive robotics. Although, the angle-angle diagrams to study upper limbs have been used for a number of the above-mentioned issues, the angle-angle diagrams have never been used for the prediction of the correct movement of the upper limbs, or to study the symmetry of movements of the upper limbs. For these reasons, we will describe and test the application of prediction method and method to evaluate the symmetry of movements of the upper limbs during walking.
Methods
The set of data to create and study angle-angle diagrams was measured on ten volunteers (aged 22 ± 1 years) recruited from students (healthy volunteers) of the Czech Technical University in Prague. The subjects were asked to walk on a treadmill. The human gait speed was 2 km/h for studying and adjusting the proposed methods. We assume that improvement or deterioration of gait symmetry is not primarily influenced by the speed of walking. The slow walking speed is chosen because of the expected slow walking speed of patients during the rehabilitation process [10] . The medical camera system with active markers, including two Lukotronic AS 200 (Lutz Mechatronic Technology e.U.) camera units and one control computer with GaitLab software (Lutz Mechatronic Technology e.U.), was used for measuring movements in 3D space. The camera units were positioned and calibrated with optical axes perpendicular to each other and placed before the subjects walked on the treadmill. The active markers were placed on the following anatomical points (on the left and right side of the body): fifth metatarsophalangeal joint, lateral malleolus, lateral epicondyle and greater trochanter of femur, acromioclavicular joint, lateral epicondyle of the humerus and radius, Figure 1 . The markers were placed points). After determining the angles of the joints of all subjects, the average joint angles were identified by MatLab software. The average values of each joint angle were calculated using five gait cycles of each subject. All average joint angles were normalized to one cycle (0-100%). In our case, one cycle included 100 frames. Normalization of the data has been described in detail by Perry [24] . The diagrams of average joint angles of upper limb (during walking) are plotted, see Figure 1 . The diagrams can be used in algorithms for a variety of analytical methods [21] .
Cyclograms and prediction of joint angles
During walking or running, in healthy adults the characteristic movement patterns between the upper and lower limbs are related to each other [25] . To create and study angle-angle diagrams, we use a model of the human body created in MatLab software [26, 21] . Using the diagrams of average joint angles, Figure 2 , the angleangle diagrams of average joint angles (during walking) are plotted, see Figure 3 and Figure 4 . One entire gait cycle was used to plot a cyclogram. The angle-angle diagrams can be used in algorithms for a variety of prediction methods and state estimation methods [21] .
Therefore, the primary aim of this paper is to present a prediction method designed to identify the typical joint angles. The trajectory of cyclogram curves (i.e. joint angles of the upper limbs) can be predicted on the basis of the current state and past states of the lower extremity, and artificial intelligence (AI). For this purpose, we use neural network (NN) implemented in MatLab toolboxes [27, 26] . For neural network learning, the normalized time series of the average joint angles are used. The backpropagation algorithm implemented in MatLab is used for training the NN. After training the NN, we use parts of time series of the knee or hip joint angle of a subject for estimating the joint angles of the upper and lower limbs (i.e. trajectory of cyclogram curve). The estimated values of the joint angles (related to the average values of angles in healthy volunteers) are compared with the real values of the joint angles of a subject. By using short time series (e.g. five input states) of the knee or hip joint angle, which are loaded into NN, the trained NN estimate the subsequent values of the two joint angles of cyclogram (two outputs). Thus, the 5-12-10-2 artificial neural network was used. This structure was chosen based on preliminary experiments and defined number of inputs and outputs. According to the method described here, the cyclograms inform us about the previous position of the limbs, and we can infer the expected conditions, i.e. the states during walking. In the case of typical movements of legs, such as walking, we can approximately estimate the typical movement patterns of healthy upper limb. After the measurement and calculation of joint angles, we used the method based on two angle plots synchronization to obtain bilateral cyclograms [17] . A prominent gait event such as the heel-touchdown or forefoot/foot flat-touchdown was used to synchronize the two plots. The vertical velocity and acceleration of the marker on the lateral malleolus (measured by the Lukotronic AS 200 and processed in MatLab) was used to identify the ground foot contact. Ground foot contact is determined by the first peak (corresponding to the impact, i.e. significant deceleration of the whole foot) in the vertical velocity and acceleration curve of the marker on the lateral malleolus within a window of the order of one gait cycle [28] . The identification was made by MatLab, and final verification was made by a person in order to ensure maximum accuracy of the synchronization. For calculation of geometric characteristic of the cyclogram, we used one cycle (0-100%) of average joint angles. For the symmetry of movements, properly synchronized twin trajectories from corresponding joints should be identical, and synchronized bilateral cyclogram should lie on a symmetry line [17] . The "ideal" symmetry line is a straight line passing through the origin inclined at a 45º angle. This angle corresponds to the ideal situation of absolutely symmetrical movement of healthy people. The deviation from the 45º angle determines the degree of asymmetry. Increasing or decreasing the value of the difference can be used to evaluate changes in asymmetry in the rehabilitation process. The cyclogram represents a set of states, and thus we can use the linear regression to determine the value of orientation (i.e. inclination) of an angle-angle cyclogram [18, 20] . The polynomial equation of the major axis regression (i.e. principal axis) is [29] 
Bilateral cyclograms and symmetry of movements
The b 0 and b 1 are variables identified by the estimator (i.e. MatLab software). While α R is the dependent variable of the right joint angle, and α L is the independent variable of the left joint angle, the direction of the principal axis, i.e. inclination angle θ of a cyclogram, is tanθ=b 1 [20] .
Results
The applicability of the prediction method based on NN was successfully tested. After training the NN, we used parts of the measured time series of joint angles (knee and hip) of the lower extremities of subjects (all 10 volunteers), which were not used for training, for estimating the future states of the joint angles of the lower and upper extremities. The designed 5-12-10-2 NNs were used. The estimated values of the shoulder joint angle and elbow joint angle are presented in cyclograms, see Figure 5 and Figure 6 .
The result shows that by using short sections of the time series curve (five previous states (input) of a joint angle of the lower extremities), the trained NN estimated a subsequent state of the shoulder or elbow joint angle and knee or hip joint angle of each of the volunteers. We can see that the estimated states are close to the observed values, Figure 5 and Figure 6 . Also, the trained NN aims to estimate the values corresponding to the values of healthy subjects, see Figure 3 and Figure 4 . The mean squared error of estimation was used for comparison of measured and estimated values of a joint angle. We tested the estimation of the joint angles of all ten subjects. One cycle (0-100%) of measured joint angles of each subject was used. Using the five previous states of knee joint angle, the mean squared error was 5.8·10 -2 deg 2 in the case of the shoulder joint angle and 7.9·10 -1 deg 2 in the case of the elbow joint angle. Using the five previous states of hip joint angle, the mean squared error was 1.1deg 2 in the case of the shoulder joint angle and 9.2 ·10 -1 deg 2 in the case of the elbow joint angle.
The verification of the synchronized bilateral cyclogram was also performed. We visualized the data in synchronized cyclograms, Figure 7 . For a better interpretation, we can visualize the principal axis of the synchronized bilateral cyclograms. The marks on the trajectory, Figure 7 , represent the one cycle which includes 100 frames. From the distance of the marks, which represent the instantaneous values of the angles, we see that the values of the angles are rapidly changed near the maximum and minimum values of the joint angles.
The Figure 7 shows the principal axis of the cyclogram i.e. the cyclogram's deviation. It is obvious that the cyclogram does not pass through the origin and is not at 45 degrees. The trajectory of the synchronized bilateral cyclogram should have the shape of a straight line, but has the shape of a loop [17] 
Discussion
The results of the first experiments which used the new methods based on angle-angle diagrams indeed seem to be promising. The methods based on NNs allow identification of the states of the upper limb during walking. In the case of typical movements of legs, such as walking, we can approximately estimate the typical movement patterns of healthy upper limb. The results show that the prediction of the trajectory of cyclogram curves (i.e. shoulder and elbow joint angle) is a relatively accurate, and is similar to the pattern, Fig.  5 and Fig. 6 . We identified variability in the prediction of the angles, but the variability could be negligible, because there are small discrepancies in angles even in the typical gait of healthy subject. Estimated values are supposed to be the same as those on which the NN has learned, and thus, the measured values vary from the estimated values of each individual. Study of the differences of the values (measured and estimated) is the basis of future use in rehabilitation. The trained NN prefers the typical changes of the shoulder and elbow joint angle and avoids the use of atypical changes. We found that estimation of joint angles of upper extremities based only on an evaluation of parts of time series of the knee or hip joint angle of a subject is suitable and applicable. The new methods can be applied in clinical practice for studies of disorders or characteristics in the motion function of the human body, and the method can be used in advanced control systems for controlled prostheses of the upper extremities.
Using bilateral cyclogram, the information about the relationship between the right and left arm joint angles was used to evaluate the symmetry of movements. The new symmetry quantification technique based on the inclination angle of the synchronized bilateral cyclograms is sensitive to the precision of synchronization of the two signals and the quality of the signals. It is obvious, that the bilateral cyclograms show an asymmetry. There was a relatively large asymmetry even in the case of healthy subjects. The asymmetry could have been caused by improper walking of the healthy subjects on the treadmill, although we have tried to ensure symmetrical movement in all cases. The large asymmetry of the bilateral cyclograms could be affected by the very slow velocity, chosen in our study. Walking speed of about 2 km/h can lead to an increase of concentration on gait and therefore even changes and alteration in gait patterns and movement of the upper extremities in young and healthy subjects compared to a comfortable walking speed of approx. 4 km/h in this age [30] . However, the walking speed of about 2 km/h was chosen because of the expected slow walking speed of patients during the rehabilitation process [31, 32] . The shapes of the bilateral cyclograms and the identified values of the inclination angles could be used to distinguish between healthy subjects and subjects with disorders. The inclination angle could also indicate the deviations of joint angles caused, for example, by the tremor. However, it is necessary to create a synchronized bilateral cyclogram by using unfiltered measured data about the joint angles. Therefore, it is preferable to use an inclination angle of the synchronized bilateral cyclograms for the study of patients with movement disorders.
Conclusions
We have described two promising applications of cyclograms. The concept of cyclograms, although already known to the biomechanics community, has not been systematically used to study upper limbs movements during walking. The proposed methods are designed to be used as tools for physiotherapists and physicians to identify a disorder or disease and suggest treatment [33] . The methods may also be implemented in software of MoCap systems or driven prostheses. There is an obvious opportunity to continue in this research, and to use these methods to study and design a new hydraulic or pneumatic knee prosthesis, which should choose the best and typical symmetrical movement patterns of healthy upper limbs. Moreover, the proposed new methods for the identification of the typical movement technique of healthy upper limb, which is used for training neural networks, can be modified and used in other areas of artificial intelligence, such as reinforcement learning [34] . This work did not attempt to describe all potential ways of applying the cyclograms. We have shown new methods that have subsequently been tested on participants and proven by a number of simulations in MatLab software. New results (differences in predicted and observed values, inclination angle) could be subsequently used in clinical practice.
